The primary focus of this work was to determine the relationship between chemical composition and the Zener-Hollomon exponent q in the peak strain equation for hot working of C-Mn steels with the ultimate aim of improving the modeling of mean flow stresses for hot strip mills. Therefore, the hot deformation behavior of C-Mn steels was examined in which the C and Mn contents were increased systematically between the levels 0.035 up to 0.52%C and 0.22 to 1.58%Mn, respectively. In addition, data from other workers were also analyzed to complement the results from this investigation. As opposed to the observations from some other workers that the apparent activation energy for hot working Q HW appears to decrease with an increase in the carbon content, it was found that, despite a weak relationship, Q HW increases with an increase in carbon content i.e., from 300 to 355 kJ/mol as was also found by others. Consequently, the Zener-Hollomon exponent q in the peak strain equation for hot working and hence also the critical strain for dynamic recrystallisation, e c = 0.65AD 0 m Z q , was found to decrease with an increase in carbon content as follows, q = 0.21 2 14[%C] for C £ 0.8%C. The possible role played by manganesecarbon complexes in the austenite during hot working and the consequences of the variation in q for compact strip production rolling are discussed.
Introduction

Influence of Carbon Content on the Apparent Activation Energy for Hot Working Q HW
The disagreement on the effect of the carbon content on the Q HW in plain C-Mn steels (Ref 1-4) during hot working has been addressed by various researchers . Some studies have shown that increasing the carbon content promotes dynamic softening by an enhancement of the self-diffusion rate of iron through the reduction in the Q HW . However, the enhancement of dynamic softening is dependent on temperature and strain rate, and Jaipal et al. (Ref 10) observed that at low Zener-Hollomon parameters (Z, s À1 ), i.e., at high temperatures and low strain rates, an increase in carbon content lowers the critical strain e c required for the onset of dynamic recrystallisation (DRX) and that at high Z values, carbon only increases the work hardening rate h = dr/de. Collinson et al. also made similar observations of complex effects of carbon on the strength of austenite during hot rolling whereby increasing the carbon content lowered the flow stress by 30% at low Z values but increased it again by about 100% at high Z values. However, the mechanisms responsible for this behavior were not explained.
The apparent activation energy for hot working, Q HW , has been found by various authors to decrease with an increase in carbon content as follows (Ref 13) : Q HW ¼ 320À138:9 C eq Â Ã C eq ¼ C þ Mn=6 0:35% À Á ðEq 2aÞ
where C eq is the carbon equivalent. Medina et al. (Ref 15) observed that Q HW is not only influenced by the carbon content alone but also by other alloying elements as well which generally increase it: Contrary to the observations above, Colàs, by using data from various workers, observed that Q HW increases with an increase in carbon, manganese, and silicon content as follows (Ref 16) :
where Q HW is in kJ/mol, and all alloying elements are in mass %. Likewise, Crowther et al. (Ref 17) made a similar observation that Q HW increases with an increase in carbon content.
Furthermore, Gjostein et al. (Ref 18) established that in plain carbon steels, the grain boundary energy c gb decreases with an increase in carbon content due to the increased carbon segregation to the grain boundaries and can be estimated using the following expression:
where C is the carbon content in mass % with C £ 0.8%. This implies that increasing the carbon content would lead to delayed DRX due to the decrease in grain boundary surface energy. In other words, this may lead to the retardation of the grain boundary migration rate or mobility by decreasing the effective driving force hence a higher Q HW .
Constitutive Equations for the Steady State Flow Stress and the Peak Strain
There are two primary equations that are used to model the hot deformation behavior of a metal under steady state deformation conditions (Ref 19, 20) :
Rewriting this equation yields
where _ e is the strain rate in s
À1
, Q HW , Z, R, and T have their usual meanings, A 1 , A 2 , and a are material constants, r ss is the steady state flow stress in MPa, D 0 is the initial grain size in lm. The dimensionless constants n, m, and q are considered to be constant with temperature. Note that in most steels the critical strain for the onset of DRX e c is a fraction of the peak strain (0.65 to 0.8)e p ( Ref 19) .
As may be seen from Eq 7b above, an increase in either Q HW or structural factor A 2 (D 0 ) m or both will lead to a lower q value. If the Zener-Hollomon exponent q can be modeled by finding the relationship between q and A 2 (D 0 ) m and Q HW then the problem of deciding what q value to use in Eq 7a, given the chemical composition of the steel, will be solved for estimating the onset of DRX for these plain C-Mn steels. Sellars (Ref 21) attempted to draw a relationship between q and the chemical composition on data from other workers but could not observe an apparent systematic trend. Since the data were only from other workers, the hot working tests might not have been carried out systematically.
Experimental Procedure
Hot Compression Tests
The nine steels given in Table 1 were subjected to singlepass hot compression tests using the Gleeble 1500D TM thermomechanical processing simulator with specially designed ''isothermal anvils'' to minimize temperature gradients. The samples were machined into cylindrical specimens 10-mm diameter and 15-mm long, and the samples were soaked at 1150°C for 10 min and thereafter cooled to the deformation temperature at 10°C/s. The deformation temperature was varied between 900 and 1140°C while strain rates varied between 0.001 and 5 s À1 . Total true strains were limited to 0.8 or less to maintain the barrelling coefficient (Ref 22) to below 0.9. The true stress and true strain curves were calculated from the digital logged data, and the flow stress was corrected to a Von Mises flow stress with correction for a friction coefficient of 0.1 (Ref 23) between the specimen and the tantalum foil placed between the WC anvils and the specimen.
Austenite Grain Size Measurement
The starting austenite grain size D 0 was determined through a hyper-eutectoid carburization method based on the standard McQuaid-Ehn test (Ref 24) . The undeformed specimens were placed in the furnace at the soaking temperature in order to avoid uncontrollable grain growth during the slow heat cycle of the furnace. After soaking for 10 min, the temperature was dropped rapidly to 910°C for carburization with a CO/CO 2 mixture. The carburized specimens were ground, polished and etched with 4% Nital. The linear intercept method was employed according to ASTM E112-10 to measure the austenite grain size where the grain boundaries had been ''decorated'' by cementite. At least 150 intercepts were measured for each of the steels.
Experimental Results
Measured Initial Grain Size, D 0
Typical micrograph used for the determination of the D 0 is given in Fig. 1 . A summary of the measured grain sizes is given in Table 2 . Figure 2 shows the typical flow curves generated from the Von Mises corrected true stress versus true strain data. These are the data that were used to experimentally determine the Q HW and q. Figure 3 shows typical plots that were used to determine the constitutive constants for the hot working Eq 6, namely Q, a, and n. The slopes of the plots in Fig. 3 (a) and (b), i.e., lnð_ eÞ versus ln(r ss ) and lnð_ eÞ versus r ss were used to determine the material constants n¢, and b respectively for the calculation of a. The slopes of the plots of ln(sinh(ar ss ) versus (1000/T) and ln(Z) versus ln[sinh(ar ss )] in Fig. 3 (c) and (d) were used to determine the apparent activation energy Q HW and n, respectively. Table 3 shows that the general trend is that Q HW increases with an increase in the carbon content. Possible reasons for this behavior are discussed in detail in section 4.1.
Apparent Activation Energy Q HW for DRX for the Various Steels
The apparent activation energy for hot working Q HW for the steels investigated in this work as well as data from other workers (Ref 11, 12, 15, 17, (25) (26) (27) (28) (29) (30) (31) (32) are plotted against the carbon content in Fig. 4 . Despite the scatter, the general trend is that Q HW increases with an increase in carbon content of the steel. The scatter might be a result of varying test conditions (Table 4 ).
The Zener-Hollomon Exponent q in the Peak Strain Equation
Equation 7a is plotted using experimental data from the steels which were investigated in this work in Fig. 5(a) and (b) . The Z exponent q was found to be about 0.2 and 0.15 in low and medium C steels, respectively. The structure factor A 2 for the peak strain Eq 7a determined from this work as well as data from other researchers is plotted against the carbon content in Fig. 6 . Despite the scatter, A 2 increases with an increase in the carbon content of the steel. Possible reasons for this behavior are discussed in section 4.1.
The ln(e p ) is plotted against ln(Z) in Fig. 7 (a) and (b). The soaking temperature was varied from 1150 to 1200°C in order to vary the initial grain size D 0 and, as may be seen, q is not significantly influenced by the change in D 0 in both steels P1 and A140. Similar results were also obtained for steel VC6 where q was found to be 0.16 and 0.15 for D 0 of 218 and 50 lm, respectively.
Values for q determined from this work together with data from other workers ( Ref 15, 21, 28, 30, [32] [33] [34] are plotted against the carbon content in Fig. 8 . Despite some scatter, it is evident that q decreases with an increase in carbon content and somewhat levels off at about 0.08 beyond the eutectoid composition of these plain C and C-Mn steels, i.e.,:
The outlier from Barraclough (Ref 34) was not from plain C or C-Mn steel but from an alloyed steel AISI 5140.
Discussion
Equation 7b shows that q decreases with an increase in both the structural factor A 2 and the apparent activation energy for hot working Q HW . Figure 4 and 6 show that both A 2 and Q HW increase with an increase in the carbon content. Hence, q decreases with an increase in the carbon content from about 0.22 to 0.08 for low C and eutectoid steels, respectively, see 
Interaction of Mn-C Complexes with Dislocations
The observation from this work that Q HW increases with an increase in carbon content suggests that the effect of carbon in promoting dynamic softening (as a result of increased selfdiffusion of iron from a strained matrix), i.e., which should reduce the Q HW , is overridden by other factors. Ushioda et al. (Ref 33) found that in C-Mn steels it is the Mn-C complexes Table 3 The hot working activation energy Q HW as determined using the data in Fig. 4 Steel 
kT ln
where D SD is the self-diffusion coefficient, b is the BurgerÕs vector, R d is the cut-off radius of the stress field of the dislocation, i.e., distance between dislocations and is estimated to be ($100b), r is the applied stress, k and T have the usual meaning. Sandoström (Ref 36) modified Eq 9 to take into account the effect of the substitutional atoms on the climbing rate of the dislocations and arrived at the following expression:
where D v II and D v III are the diffusion coefficients of vacancies in the region of the dislocation core as affected by the solvent and solute, respectively, r 0 is the radius of the dislocation core ($b), and r 1 is the radius in the vicinity of the dislocation core ($2b). The following equations were assumed by Sandström for D v II and D v III : Fig. 4 Plot of the apparent activation energy for hot working Q HW vs. the carbon content of the various steels investigated in this work as well as data from other workers 
where C v is the density of vacancies and the activation energy for formation of vacancies in FCC iron was assumed to be DH = 284 kJ/mol, v a is the atomic volume b The fundamental influence of carbon on DRX in the binary FCC Fe-C system is different from that of the Fe-Mn-C system. In the former, the carbon is interstitial while in the latter it is attached to Mn as Mn-C complexes (Ref 39) . Hence, the two should not be treated the same way. In the binary FCC Fe-C system, it was found that the interstitial carbon atoms form interstitial-vacancy (i-vac) complexes (Ref 41, 42) . However, no explanation could be found how these complexes increased the self-diffusion of iron except for the dilation of the matrix due to interstitial carbon atoms (Ref 43) . It was also shown that these i-vac complexes do not have a significant thermodynamic effect on the formation of mono-vacancies because of their inherently high enthalpy of formation (Ref 44) . If Mn is added to these steels, Mn-C complexes form readily and are responsible for the higher strain hardening rate in the austenite of C-Mn steels and their probability of forming increases with temperature (Ref 37).
The Influence of Chemical Composition on the Structural Factor A 2
It is evident from Fig. 6 that the structural factor A 2 increases with an increase in the carbon content of the steel which implies that q will decrease with an increase in carbon content, see Eq 7b and Fig. 8 . However, as may be seen from Fig. 7 , it would appear that q is not significantly influenced by D 0 . This strongly suggests that the carbon atoms bound together with Mn atoms as Mn-C complexes, retard the dislocation movement and that grain size may not play a significant role in this mechanism at high strain rates experi- enced in rolling mills. Consequently, both A 2 and Q HW increase with an increase in carbon content while q decreases with the latter, Eq 7b.
Modeling the Critical Strain e c for Dynamic Softening of Low Versus Medium C-Mn Steels for a Typical CSP Rolling Mill
The typical values of the nominal strain, the redundant strain, the forward slip factor, and the strain rate per pass for a compact strip production (CSP) mill with typical reduction from a 75-mm slab to a 2-mm strip of a 0.04%C-0.25%Mn steel at a hot strip mill in South Africa are given in Table 5 below. The critical strain e c for the initiation of dynamic softening was determined by plotting the second derivative of the 10th polynomial fit of the true stress-true strain curve against the ratio of stress over peak stress r/r p . The average ratio of critical strain over peak strain e c /e p for all of these steels was found to be 0.65 (Ref 45) and in agreement with Sellars (Ref 19) . The critical strain e c was calculated from the experimentally determined Q HW , A(D 0 ) m and the predicted q = 0.21 À 0.14[C] for the various hot rolling stands in a CSP rolling mill as shown in Table 5 . The total strain per pass from mill log data and critical strain e c for the two selected low and medium plain carbon steels P2 and EN9 are plotted against the hot rolling stands in Fig. 9 below.
It is evident from Fig. 9 that the higher carbon steel EN9 (0.52C-0.7Mn) may undergo dynamic softening from stands R1 to F3 while the lower C steel P2 (0.05C-0.22Mn) from the stands R1 to F2 i.e., for the same hot rolling conditions, the higher C steel EN9 experiences more dynamic softening that the lower C steel P2. Therefore, it may be concluded from Fig. 9 that the low C steel undergoes dynamic recovery (DRV) in the last three finishing stands while the medium C steel probably only in the last two stands. Stumpf (Ref 46) made similar observations in a study on grain size modeling of low C strip steels where it was found that DRV takes place in the last three finishing stands of the CSP rolling mill. However, the study did not include medium C steels.
The difference in dynamic softening behavior between low and high C steels is attributed to the increased self-diffusion of iron due to the straining effect of interstitial solid solution of carbon. However, this view does not take into account the interactions of Mn-C complexes with the dislocations as demonstrated in section 4.1 above. It has been shown that both the Mn-C complexes may, to an extent, retard dislocation movement and, therefore, it is not surprising to observe more DRX in the higher C steel than in the lower C steel at the same pass in the hot strip mill. In austenite with a low SFE of about 20 mJ/m 2 (Ref 47), the dominant softening mechanism is through climbing of dislocations rather than by cross slipping of dislocations. Therefore, it is expected that there would be less DRV in higher C steel due to lower mobility/climb rate of dislocations and as a result there would be more accumulated strain to induce DRX. Hence, more dynamic softening would occur in higher C steels.
The difference in the dynamic softening behavior between low and high C steels is quite important for the design of the hot rolling schedules in terms of mill loads. In other words, these two categories of steels should not necessarily be hot rolled using the same schedule since the high C steel would be softer than the low C steel due to the extent of dynamic softening particularly in the finishing stands i.e., F3 versus F2, respectively, for CSP rolling, see Fig. 9 . Inability to take into account this difference in DRX behavior between these two grades of steels when determining the rolling schedules may result in mill instability (Ref 48) . Fig. 9 Plots of total strain per pass from mill log data and the modeled critical strain e c for the initiation of DRX for the low and medium plain carbon steels P2 and EN9 respectively 
Conclusions
The influence of chemical composition on the apparent activation energy of hot working and the Zener-Hollomon exponent q for the peak strain has been investigated in plain C-Mn steels and the following may be concluded:
• The apparent activation energy for hot working, Q HW , increases with an increase in carbon content in plain C-Mn steels, as was also found by others. Through estimated calculations, it has been shown that this is possibly due to the retarding effect that the Mn-C complexes have on the movement of dislocations.
• The exponent q in the equation for the critical strain to incur DRX has been found to decrease with an increase in A 2 and Q HW (both of which increase with an increase in the carbon content), and also decreases with an increase in the carbon content according to q = 0.21 À 0.14[C].
• Consequently, higher C steels undergo DRX preferentially as a result of less mobility of dislocations which limits DRV, i.e., enough strain is accumulated to induce DRX. The implication is that for a hot strip plant, low and medium C steels should ideally be rolled using different schedules in order to avoid mill instability.
